Manipulating photons is an essential technique in quantum communication and computation. Combining the Raman electromagnetically induced transparency technology, we show that the photon blockade behavior can be actively controlled by using an external control field in a two atoms cavity-QED system. As a result, a versatile photon gateway can be achieved in this system, which changes the cavity photons from classical to quantum property and allows one photon, two photon and classical field leaking from the cavity. The proposal presented here has many potential applications for quantum information processing and can also be realized in circuit QED system.
Photons are natural carriers of photonic quantum information processing which allows to deliver sensitive data for security communication 1 . It is shown that the transfer rate of quantum communications scales exponentially with the photon flux over long distances 2 . Using the quantum network technology 3 , it is possible to realize quantum computation with photons 4 , which can solve certain problems much more efficiently than any classical computers. One of the key factors to realize quantum information communication and computation is the achievement of few-photon sources, especially the single photon as resources 5 . A typical method to achieve single photon emission is based on the two-photon blockade phenomenon 6 , which absorbs the first photon, but blocks the absorption of the next photon due to the presence of the photon-numberdependent frequency shift. This phenomenon was first experimentally observed in an optical cavity strongly coupled to a single atom 7 . Using this method, singlephoton emission has been theoretically proposed and experimentally demonstrated in many systems, including semiconductor quantum dots 8 , solid state 9 , light-matter interaction 10 , spectral multiplexing 11 , the cavity QED system 12 , the circuit QED systems 13 , optomechanical systems 14 and so on. Moreover, Rempe et al. showed that atom-cavity system transforms a random stream of input photons into a correlated stream of output photons 15 and two-photon blockade can be optically controlled by using the electromagnetically induced transparency (EIT) technology 16 , which opens up the possibility to realize the two-photon gateway.
Although the two-photon blockade phenomenon has been extensively investigated, there are few works on the multiphoton blockade, especially the three-photon blockade, which is still a challenge in both theory and experiments. A direct method to realize three-photon blockade is by increasing the pump field intensity so that twophoton excitations can be strong enough to be observed. However, the power broadening caused by the pump field eliminate the energy difference of each doublet so that multiphoton excitations take place simultaneously. As a consequence, the condition of the three-photon blockade is very strict and difficult to be realized in experiments 17 . Recently, we propose a novel system to achieve three-photon blockade in a single mode cavity QED system containing two identical two-level atoms with different coupling strengths 18 . When these two atoms radiate with out phase, one-photon excitations are forbidden so that the two-photon excitations are dominant. Therefore, three-photon blockade with reasonable photon number can be observed in our system.
Combining the Raman-EIT technique with this two atoms cavity QED system 19 , we show in this work that the multiphoton blockade behavior can be optically controlled by an external control field. We note that a similar scheme has already been experimentally studied where a single atom is trapped in the cavity and the control field is resonant with the cavity to form an EIT configuration 16 . However, we find many interesting features of the photon blockade associated with the collective radiations in this Raman EIT configuration that a single atom and the EIT scheme do not possess. Choosing a specific pump field frequency, we show that the property of the photons leaking from the cavity can be changed from bunching to anti-bunching behavior by tuning the control field Rabi frequency. We further show that, in the case of in-phase radiations, the two-photon blockade can be changed to three-photon blockade by just varying the control field intensity. Therefore, it is possible to actively control the photon emissions in this system. Based on these characteristics, we show that a versatile photon gateway can be realized in our system, which can be achieved in experiments with current experimental conditions.
We consider an atom-cavity QED system where two identical three-level atoms are trapped in a single mode cavity with different coupling strengths. The corresponding energy levels are labeled as |g ≡ |5S 1/2 , |m ≡ . A pump field ΩP with angular frequency ωP couples the |g ↔ |m transition, and a control field ΩC with angular frequency ωc couples the |m ↔ |e , forming a ladder-type configuration. ∆p and γm (∆c and γe) are the detuning of pump (control) field and decay rate of the state |m (|e ), respectively. κ stands for the cavity decay rate.
|5P 3/2 and |e ≡ |5D 5/2 , respectively. A pump field with Rabi frequency Ω P couples the |g ↔ |m transition, and another control field with Rabi frequency Ω c couples the |m ↔ |e transition (see Fig. 1 ). For simplicity, we assum the cavity mode frequency ω cav is the same as the transition frequency between state |g and |m , i.e., ω cav = ω m − ω g withhω α (α = g, m, e) being the energy of state |α . Under the electric dipole and rotating wave approximation, the Hamiltonian of the system is written as
where the detuning is defined as ∆ cav = ω cav − ω p , ∆ m = ∆ p and ∆ e = ∆ p + ∆ c with ∆ p = ω m − ω g − ω p and ∆ c = ω e − ω m − ω c being the detuning of pump and control field, respectively. Here, S j αβ = |α j β| (α, β = {g, m, e}) is the j-th atomic operator and a (a † ) is the photon annihilation (creation) operator. The positiondependent coupling strength of the j-th atom g j = g cos(2πz j /λ c ) (j = 1, 2), where z j is the position of the j-th atom and λ cav = ω cav /c 0 is the wavelength of the cavity mode (c 0 is the light speed in vacuum) 20 . In general, the dynamical evolution of the system can be described by using the master equation, i.e.,
where
are the superoperators that describe the quantum noise due to the cavity decay and the spontaneous emissions of the j-th atom. κ is the cavity decay rate and γ m (γ e ) is the spontaneous decay rate of atomic state |m (|e ). Solving Eq. (2) numerically, we can obtain many interesting quantum features of the cavity field, which will be demonstrated in the following. It is noted that the quantum properties of the cavity field are strongly dependent to the positions of two atoms 21 . First, we consider that two atoms have the same coupling strengths, i.e., g 1 = g 2 = g. In this case, it is difficult to see the physical process by using the dressed state picture, which can be obtained by solving the Hamiltonian of the whole system. To show the physical mechanism more clearly, we decompose the system into two components. One is a subsystem consisting of the cavity and two two-level atoms, and the other is a subsystem consisting of the control field and the collective state associated with the excited state |e , i.e., |E ± G = (|eg ± |ge )/ √ 2, |E ± M = (|em ± |me )/ √ 2 and |ee . The first subsystem has been studied in many literatures 18 , and the corresponding dressed state energies and eigenstates can be obtained easily by introducing the collective states |gg , |M ± g = (|mg ± |gm )/ √ 2 and |mm as basis. In one photon space, we obtain a set of eigenstates Ψ
(1)
± =hω c ± √ 2gh. Likewise, in two photon space, we can also obtain a set of eigenstates Ψ 
It is clear to see that there exist two one-photon excitation pathways when the control field is turned off. Correspondingly, there are two peaks in the cavity excitation spectrum can be observed with two-photon blockade behavior, i.e., g (2) (0) ≡ a † a † aa / a + a 2 < 1 [see blue curves in Fig. 2(b) and 2(c) ]. If one turn on the control field and set its frequency resonant to the Ψ − will be split into two states due to the coupling of the control field. We note that the energy of the state Ψ (1) + changes slightly because the control field couples the Ψ
transition nonresonantly. As a result, one can observe three peaks with two-photon blockade [i.e., g (2) (0) < 1] behavior in the cavity excitation spectrum and the distance between two left side peaks is proportional to the control field Rabi frequency. This method provide a possibility to active control the quantum property of the cavity field and the statistic behavior of the photons emitted from the cavity, resulting in one-photon gateway operations 22, 23 .
For example, taking the pump field detuning ∆ p = −10κ, few photons can leak from the cavity in the case of weak control field since the pump field is far off-resonant with the Ψ 0 ↔ Ψ − is split into two states, and one of them becomes resonant to the pump field, resulting in one-photon emission due to the two-photon blockade [see Fig. 3(a) ]. Here, the system parameters are given by g = 20κ, Ω p = 1.5κ, γ m = κ and γ e = κ/100, respectively. However, if one take ∆ p = −20κ (close to the one-photon excitation frequency), the property of the cavity photon changes from bunching to antibunching behavior as the control field increases [see Fig. 3(b) ]. More interesting, at the frequencies of two-photon excitations, the three-photon blockade [i.e., g (2) (0) > 1 and
takes place. As shown in Fig. 3(c) , one-photon emission can be changed to two-photon emission by just increasing the control field intensity when the pump field detuning is chosen as ∆ p = −40κ.
Next, we consider the case of g 1 = −g 2 where the onephoton excitations are forbidden and two-photon excitations are dominant [see Fig. 4(a) ]. Therefore, threephoton blockade can be observed at the frequencies of two-photon excitations as shown in Fig. 4(b) . Taking the control field detuning ∆ c = − √ 6g/2, the two-photon excitation state Ψ
− is split into a doublet since it is coupled to the state |ee, 0 by the control field via two-photon process [see panel (a)]. Consequently, the three-photon blockade can be significantly improved and the frequency regime to realize three-photon blockade can be broadened as shown in Fig. 4(c) .
Furthermore, multiphoton gateway operations can also be achieved under the condition of g 1 = −g 2 . When the pump field is nonresonant (e.g., ∆ p = −30κ), there is few photon can be measured. Increasing the control field Rabi frequency, two-photon excitation state Ψ (2) − is split into a doublet and the pump field is resonant to the two-photon excitation state so that antibunching photons with three-photon blockade behavior can be measured [see Fig. 5(a) ]. As shown in Fig. 5(b) , taking the pump field detuning ∆ p = 0, cavity photons exhibit bunching behavior since the multiphoton excitations are allowed if the control field is very weak. As the control field Rabi frequency increases, the pump field becomes nonresonant to the cavity because of the energy shift induced by the control field. Therefore, few photon can be detected. For a small pump field detuning (e.g., ∆ p = −5κ), the property of the cavity field can be changed from classic (bunching) to three-photon blockade behavior by increasing the control field intensity [see panel (c) ].
In summary, we have studied the two atoms cavity QED system, where two atoms are directly driven by a pump field and a control field, forming a Raman EIT configuration. We show that the photon blockade can be optically controlled by using the control field to couple the one-and two-photon excitation states. Base on this method, we show that a versatile photon gateway operations can be achieved in our system, allowing one photon, two photons and classical field leaking from the cavity. We also show that the property of the cavity photon can be changed from bunching to antibunching by using the gateway operations. This versatile photon gateway holds many potential applications in quantum communication and computation, and it not only can be achieved in atom-cavity QED system, but also can be realized in artificial atom system, for example, the circuit-QED system, quantum-dot-cavity QED system and so on.
